Hepatitis C virus (HCV) causes a chronic but curable infection associated with the development of marginal zone lymphoma (MZL) and diffuse large B-cell lymphoma (DLBCL). Preliminary data have shown frequent transformation of indolent lymphoma to DLBCL in HCV-infected patients. To compare their clinicopathologic characteristics and oncologic outcomes, we reviewed the medical records and pathology reports of HCV-infected and uninfected patients with DLBCL that transformed from indolent lymphoma seen at The University of Texas MD Anderson Cancer Center (June 2004 to May 2015. To identify predictors of DLBCL relapse, patients with relapse after first-line chemotherapy were compared with those without it using univariate and logistic regression analyses. Compared with the uninfected patients (n 5 63), HCV-infected patients (n 5 21) were younger (median age 554 years [interquartile range5 49-62 years] vs. 62 years [53-66 years]; p 5 0.01) and more often had advanced DLBCL (Ann Arbor stage 3-4; 95% vs. 76%; p 5 0.05). Immunophenotypically, more HCV-infected than uninfected patients had CD10-negative B cells (76% vs. 43%; p 5 0.008), CD5-positive B cells (39% vs. 7%; p 5 0.004) and activated Bcell phenotypes (57% vs. 31%; p 5 0.07). Comparison of the patients who had relapse after first-line chemotherapy (n 5 42) and those who did not (n 5 40) revealed that having CD5-positive B cells was the only factor associated with DLBCL relapse in multivariate analysis (odds ratio5 10.7; p 5 0.02). HCV-infected patients with transformed DLBCL have unique clinicopathologic characteristics that make their lymphoma difficult to treat, potentially leading to unfavorable outcome. The impact of HCV eradication should be explored in such patients.
Hepatitis C virus (HCV) is an oncogenic virus that was responsible for about 7.8% of all human cancers in 2012. 1, 2 HCV infection is curable because of its very high rate of response to antivirals. 3 Apart from HCV-attributable hepatocellular carcinoma, the strongest association between HCV and cancer is the epidemiologic link between the virus and subtypes of B-cell non-Hodgkin lymphoma (NHL), [4] [5] [6] [7] particularly marginal zone lymphoma (MZL), diffuse large B-cell lymphoma (DLBCL), and lymphoplasmacytic lymphoma. 1, 4, 8 Researchers have proposed multiple mechanisms of HCVinduced lymphomagenesis, mainly chronic viral stimulation of lymphocytes and HCV replication in B cells mediated by HCV envelope proteins interacting with lymphocyte-specific glycoproteins. 5, 9, 10 Furthermore, regression of indolent lymphomas induced by only antiviral therapy clinically confirms the epidemiologic association of subtypes of NHL with HCV, described since 1994. [11] [12] [13] In fact, antiviral therapy for HCV infection is currently the first step in the management of HCV-associated splenic MZL when chemotherapy is not immediately indicated. 14 DLBCL is an aggressive subtype of NHL that can be de novo or arise from indolent lymphoma. 15 Transformed DLBCL is mostly described in patients with follicular lymphoma, 15, 16 and less frequently in those with chronic lymphocytic leukemia, 17 lymphoplasmacytic lymphoma 18 and MZL. 19 Histologic transformation is an important challenge in the management of DLBCL, as such patients have tumors that are refractory to chemotherapy and unfavorable oncologic outcomes. 16, 20 A small study including 26 HCV-infected patients reported a higher frequency of transformed DLBCL in HCVinfected patients than in their uninfected counterparts. 21 Consequently, because of the strong association between HCV infection and B-cell NHL, we conducted the present study to determine whether transformed DLBCL in HCVinfected patients arises from specific indolent lymphomas and has different clinical or pathologic characteristics compared to HCV-uninfected patients. Additionally, we explored the characteristics associated with DLBCL relapse to identify a possible role for HCV infection in inducing resistance of DLBCL to chemotherapy.
Patients and Methods
The medical records and pathology reports for patients with chronic HCV infection and DLBCL seen at The University of Texas MD Anderson Cancer Center from June 2004 to May 2015 were reviewed retrospectively. Only patients with proven HCV infections and evidence of indolent NHL that transformed to DLBCL were included. Patients with DLBCL that transformed from Hodgkin lymphoma and those with Richter's transformation (transformation from chronic lymphocytic leukemia/small lymphocytic lymphoma to DLBCL) were excluded. HCV-infected patients were compared with randomly selected uninfected patients with transformed DLBCL diagnosed in the same study period at a ratio of 1:3. This study was approved by the MD Anderson Institutional Review Board.
Definitions
Transformed DLBCL was defined as either that in a patient with a previous history of indolent lymphoma (MZL, follicular lymphoma or lymphoplasmacytic lymphoma) before DLBCL diagnosis or with concomitant biopsies demonstrating simultaneous indolent lymphoma and DLBCL, as previously described. 21, 22 Pathology reports were reviewed by a pathologist. Available immunohistochemistry, flow cytometry and fluorescence in situ hybridization data were collected. The panel of markers in flow cytometry immunophenotype analysis included CD5, CD10, CD19, CD20, CD22, CD23, CD30, CD38, CD43, CD45, CD79b, FMC7 and the surface immunoglobulin kappa and lambda light chains. The panel of markers detected using immunohistochemistry included CD10, CD20, CD30, CD43, CD45, PAX5, BCL2, BCL6, MUM-1 and cyclin D1. Fluorescence in situ hybridization was performed to determine the MYC gene rearrangement using break-apart probes. DLBCL was further classified as having the germinal center B-cell or activated B-cell phenotype according to the Hans criteria.
Proven HCV infection was defined by either detectable serum HCV RNA (chronic HCV infection) or undetectable HCV RNA with a prior history of antiviral treatment. Chronic hepatitis B virus (HBV) infection was defined by the presence of positive hepatitis B surface antigen, hepatitis B DNA and hepatitis B core antibodies. Past HBV infection was defined by negative hepatitis B surface antigen and positive hepatitis B core antibodies regardless of the hepatitis B surface antibody result.
As described previously, 23 patients with liver, stomach, pancreatic and/or splenic involvement of DLBCL were combined in the upper gastrointestinal (GI) involvement group. The revised 2007 Cheson criteria were used to define the response of DLBCL to chemotherapy, distinguishing complete response, partial response, stable disease and progressive disease. 24 The overall survival (OS) duration was measured from the start date for chemotherapy to the date of last follow-up examination or death. 25 The progression-free survival (PFS) duration was measured from the start date for chemotherapy to the date of DLBCL relapse or progression. 25 
Statistical analysis
To determine the effect of HCV infection on the clinicopathologic presentation and oncologic outcomes of DLBCL, a retrospective cohort analysis of patients with transformed DLBCL was conducted to compare those with and without HCV infection (Fig. 1 Infection with hepatitis C virus (HCV) is responsible for almost 8% of all human cancers. Among the most common HCV-linked cancers are the non-Hodgkin lymphomas (NHL). In this study, the authors found that HCV-infected patients with transformed diffuse large B-cell lymphoma (DLBCL) have a number of characteristics that make their DLBCL especially difficult to treat. These include a higher frequency of CD5-positive B-cells, which was also associated with a higher risk of relapse. Eradicating HCV with antiviral drugs prior to DLBCL might, therefore, offer therapeutic benefits.
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evaluated using a log-rank test. To identify predictors of DLBCL relapse, a case-control analysis was conducted to compare patients who had DLBCL relapse or progressive disease after first-line chemotherapy with those without relapses irrespective of HCV status ( Fig. 1 ). Logistic regression analysis was used to identify independent predictors of transformed DLBCL relapse. All statistical tests were two-sided and conducted using the SPSS software program (version 23.0; IBM Corporation, Armonk, NY). p values less than or equal to 0.05 were considered statistically significant.
Results

Cohort study
We identified 25 patients with detectable HCV antibodies and evidence of transformed DLBCL. We excluded four of these patients from the study: two because of undetectable HCV viral loads without a history of HCV infection treatment and two because they had not undergone HCV RNA testing. We analyzed the remaining 21 patients and compared them with 63 HCV-uninfected patients with transformed DLBCL (Fig. 1 ).
The majority of the HCV-infected patients were white (n 5 17 [81%]) and male (n 5 13 [62%]), and the median age was 54 years (interquartile range [IQR] 5 49-62 years). Three HCV-infected patients (14%) had a prior history of indolent lymphoma, and 18 (86%) had biopsies demonstrating simultaneous indolent lymphoma and DLBCL. The indolent lymphomas in the 21 biopsies were follicular lymphoma (n 5 6), nodal MZL (n 5 3), splenic MZL (n 5 2), mucosa-associated lymphoid tissue (n 5 2), and low-grade lymphoma not otherwise specified (n 5 8) due to a small percentage of bone marrow infiltration limiting further specification or due to a heterogeneous low grade component. None of the five HCVinfected patients tested with fluorescence in situ hybridization had MYC rearrangement, and 3 of the 11 (27%) patients tested had identified cytogenetic aberrations. Of 15 patients with available data, 12 (80%) were infected with HCV genotype 1. None of the 21 patients were co-infected with human immunodeficiency virus, whereas one (5%) and seven (33%) had chronic and past HBV infections, respectively. Only, six patients (29%) had cirrhosis at the time of DLBCL diagnosis.
Comparison of clinicopathologic characteristics and outcomes in HCV-infected and uninfected patients
Compared with the uninfected patients, the HCV-infected patients in our study were younger (median age 5 54 years [IQR 5 49-62 years] vs. 62 years [IQR 5 53-66 years]; p 5 0.01) and more often had advanced (Ann Arbor stage 3-4) disease (95% vs. 76%; p 5 0.05), upper GI involvement (48% vs. 25%; p 5 0.05) and bone marrow involvement (66% vs. 41%; p 5 0.07) ( Table 1 ). Immunohistochemical data demonstrated that more HCV-infected patients than uninfected patients had CD5-positive B cells (39% vs. 7%; p 5 0.004), CD10-negative B cells (76% vs. 43%; p 5 0.008), and activated B-cell phenotypes (57% vs. 31%; p 5 0.07) ( Table 2) . HCV-infected patients with and without cirrhosis had worse 2-year OS rates than did uninfected patients (67% vs. 80% vs. 92%; p 5 0.02) (Fig. 2) . We did not find a difference in the two-year PFS rate between the HCV-infected and uninfected patients.
Case-control study
To identify predictors of DLBCL relapse, we compared patients with relapsed DLBCL or progressive disease after first-line chemotherapy (n 5 42) with those with complete or partial responses and no relapses (n 5 40). We found no differences in patient characteristics, lymphoma stage, International Prognostic Index scores, type of chemotherapy 
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received, cirrhosis or rate of infection with human immunodeficiency virus, HBV or HCV (Table 3 ). The presence of CD5-positive B cells was the only factor associated with DLBCL relapse in univariate analysis (24% in patients with relapsed or primary refractory DLBCL vs. 6% in those without DLBCL relapses; p 5 0.03) and logistic regression analysis after adjustment for potential confounders, including type of first-line chemotherapy used, HCV infection status and DLBCL stage (Table 4) .
Discussion
To the best of our knowledge, this is the first study to demonstrate that HCV-infected patients with DLBCL transformed from indolent lymphoma have clinicopathologic characteristics different from those of uninfected patients. HCV-infected patients appear to have more advanced stages at clinical presentation of DLBCL, with transformation occurring at a younger age than in uninfected patients. In addition, we found higher frequencies of CD5-positive and CD10-negative B cells in HCV-infected patients, suggesting more frequent transformation of DLBCL from specific indolent lymphomas such as MZL.
In a large series of 325 patients with follicular lymphoma studied over 25 years, transformation to DLBCL was more common in older patients (age >60 years) than in younger ones and in patients with higher International Prognostic Index scores than in those with lower scores. 26 Unfortunately, the HCV status in that study went unreported. Our results demonstrated transformation to DLBCL at an earlier age in HCV-infected patients than in uninfected ones and that transformation was associated with advanced Ann Arbor stage, extranodal involvement (particularly in the upper GI 
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tract) and a B-cell phenotype compatible with MZL. Sustained B-cell activation and inhibition of B-cell apoptosis by HCV core proteins may explain the earlier transformation to DLBCL in infected patients. 27 In addition, authors have described extranodal involvement of HCV-associated DLBCL in the liver, spleen and stomach, [21] [22] [23] which may explain the advanced Ann Arbor stages seen in our HCV-infected patients. MZL cells express pan-B-cell markers, are CD10-negative, and are usually CD5-negative, with the exceptions being subsets of CD5-positive mucosa-associated lymphoid tissue, nodal MZL and splenic MZL cells. [28] [29] [30] [31] Also, CD5-positive mucosa-associated lymphoid tissue tends to disseminate and involve the bone marrow frequently. 30, 31 Therefore, the significantly higher CD10-negative and CD5-positive B-cell numbers and more frequent bone marrow involvement in our HCV-infected patients with transformed DLBCL than in our uninfected patients suggest transformation from MZL.
CD5-positive B cells are rare in adults but predominant in fetuses. 32 Researchers have identified expansion of this subset of cells in cases of autoimmune diseases. [33] [34] [35] Patients with de novo CD5-positive DLBCL have clinical features of more aggressive disease than de novo CD5-negative DLBCL, 36 and authors reported CD5 positivity of B cells to be an independent predictor of poor prognosis for DLBCL. 37 Also, CD5-positive B cells are proven to be resistant to apoptosis by acquiring an interleukin-10 autocrine loop. 38 Furthermore, CD5 protein seems to be important for HCV entry into human lymphocytes 39 ; CD5 positivity therefore may be HCV, hepatitis C virus; DLBCL, diffuse large B-cell lymphoma. 1 Cyclin D1 was tested in 8 out of our 11 patients with CD5-positive B-cells. It was negative in 7 patients and positive in one patient in which further testing was done, including CCND1 (negative) and IGH-BCL2 (positive) gene rearrangements, ruling out mantle cell lymphoma. Cyclin D1 was not tested in the other 3 patients, because CD5-positivity was focal in one patient, and because the low grade component of the other two biopsies were identified as follicular lymphoma and marginal zone lymphoma respectively, making the diagnosis of mantle cell lymphoma less likely.
linked with enhance viral entry into B cells, leading to a high viral burden and increased oncogenic potential. The findings of our study confirm the high frequency and aggressive nature of CD5-positive DLBCL cells in HCV-infected patients. It may also explain, at least in part, the high relapse rate of CD5-positive DLBCL seen in this study and the HCV-driven resistance of DLBCL to chemotherapy we observed in our previous work. 23 Authors have reported CD5-positive B-cell expansion in peripheral blood 40, 41 and hepatic B-cell in HCV-infected patients. 42 Of note, a previous study of 15 HCV-infected patients treated with interferon and ribavirin, the previous standard-of-care therapy for HCV infection, demonstrated disappearance of CD5-positive B cells from the peripheral blood in all 9 patients who achieved sustained virologic responses, regarded as virologic cure of HCV. 41 We believe that further research of the interplay between chronic HCV infection and CD5-positive B cells in patients with DLBCL is needed, as the elimination of these apoptosis-resistant cells may be crucial to improve oncologic outcomes. Antiviral therapy with new direct-acting agents is very effective, even in HCV-infected cancer patients, with sustained virologic response rates higher than 90%. 43 This therapy may eliminate HCV infection, downregulate the expansion of CD5-positive B cells, and most importantly improve oncologic outcomes as already reported for selected patients with indolent NHL. 14, 44 Our study has some limitations. First, due to its retrospective nature, some clinical and pathologic characteristics were missing. Second, we conducted this study in a single tertiary cancer center to which a selective patient population is referred. Therefore, our results may not be generalizable to the general population of NHL patients. Third, the majority of our HCV-infected and uninfected patients had indolent lymphoma diagnosed concomitantly with DLBCL. Despite being suggestive of transformation, the presence of composite biopsies does not confirm a transformation without proven clonal relationship by molecular techniques. However, data in the literature is still scant and DLBCL in this group of patients is still considered a transformation from indolent lymphoma. 21, 22 Fourth, the inclusion of patients with indolent lymphoma preceding the diagnosis of DLBCL could have created a selection bias, as these patients received chemotherapy before the development of DLBCL, potentially affecting the pathologic characteristics and response of DLBCL to chemotherapy. Nevertheless, the number of such patients was small (seven patients in total) with a similar distribution between groups (four cases vs. three controls respectively). Fifth, because of the small number of patients, we could not draw definite conclusions regarding the difference in twoyear OS rate between the HCV-infected and uninfected patients in univariate analysis. Thus, we analyzed the twoyear OS rate in three groups of patients, differentiating cirrhotic HCV-infected patients, to control for this important prognostic factor. Sixth, past HBV infections were more frequent in HCV-infected patients with transformed DLBCL than in HCV-uninfected patients. However, we found no difference in the rate of chronic HBV infection between HCVinfected and HCV-uninfected patients, making the effect of chronic HCV infection more important than a past HBV 
infection. HBV is also carcinogenic associated with the development of hepatocellular carcinoma but the lymphomagenic potential of HBV remains unclear. 45 Finally, physicians may have treated DLBCL in HCV-infected patients differently from that in uninfected patients owing to abnormal hepatic function, explaining the difference in DLBCL response to chemotherapy in these two groups. We attempted to control for these confounders by forcing HCV infection status and type of first-line chemotherapy received into the multivariate model.
In conclusion, HCV-infected patients with transformed DLBCL have unique clinicopathologic characteristics that make this cancer difficult to treat, potentially leading to unfavorable outcome. The increased numbers of CD5-positive and CD10-negative B cells in these patients suggest transformation from a specific indolent lymphoma, such as MZL, to DLBCL. In addition, the increased numbers of CD5-positive B cells may explain the previously described high incidence of DLBCL relapse in HCV-infected patients. Our study highlights the importance of HCV testing in all lymphoma patients and sheds light on the mechanism by which HCV eradication improves oncologic outcomes in patients with DLBCL as we recently reported. 23, 46 Prospective studies of direct-acting agent-based therapy for HCV eradication are needed to confirm this benefit, particularly in CD5-positive DLBCL patients. 
